One sentence summary: tccP or tccP2 alleles are widely distributed among pathogenic aEPEC, and tccP is significantly associated to Escherichia coli phylogroup E and tccP2 with phylogroup B1. Editor: Stefan Schwarz
INTRODUCTION
Attaching and effacing Escherichia coli (AEEC) comprise a group of pathogens that use a type III secretion system (T3SS) to inject bacterial effectors into enterocytes, resulting in microvilli effacement and intimate adherence of bacteria in a pedestallike structure. Enteropathogenic E. coli (EPEC) and enterohemorrhagic E. coli (EHEC) are the AEEC within the diarrheagenic E. coli pathotypes (Frankel and Phillips 2008; Hazen et al. 2013) . The production of Stx by EHEC strains is a differential attribute between these AEEC pathogens (Kaper, Nataro and Mobley 2004) .
EPEC is one of the most important etiological agents of diarrhea worldwide, especially among children <5 years of age (Lanata et al. 2013; Hu and Torres 2015) . Strains of this pathotype were further subdivided into typical (tEPEC) and atypical (aEPEC), based on the presence or absence of the EPEC adherence plasmid, or pEAF (Kaper 1996; Hernandes et al. 2009) . The presence or absence of pEAF correlates with differences in the time course of the establishment of A/E, the central mark of both EPEC subgroups (Bueris et al. 2015) . A/E lesion is dependent on expression of the genes located on a chromosomal pathogenicity island named locus of enterocyte effacement (LEE) (McDaniel et al. 1995) , which encodes the adhesin intimin, the structural compounds of a T3SS and several effector proteins that are translocated into host cells (Garmendia, Frankel and Crepin 2005) . One of these effectors is Tir, which is inserted on plasma membrane and interacts with its ligand intimin. Tir is further phosphorylated at tyrosine 474 (Y474) by host kinases, triggering a signaling cascade that results on actin polymerization and formation of the pedestals-like structures beneath the bacterial intimate attachment sites (Frankel and Phillips 2008) . However, Tir of some EPEC strains, particularly atypical ones, lacks the Y474 residue (like EHEC) and, consequently, is not phosphorylated. In this case, such strains employ the non-LEE effector Tir-cytoskeleton coupling protein (TccP/TccP2) (Garmendia et al. 2004) , also named EspFU (Campellone, Robbins and Leong 2004) , for efficient pedestal formation. Additionally, some EPEC strains can induce actin polymerization using simultaneously Tir tyrosine phosphorylation and TccP/TccP2 pathways (Whale et al. 2006 .
tccP and tccP2 genes are located on cryptic prophages and encode the interchangeable functional proteins TccP and TccP2, respectively. These proteins contain a N-terminal region involved on their translocation to the host cell via T3SS, and several almost identical proline-rich repeats (PRRs) that are required for interaction with host cells proteins . Although originally described in O157 EHEC, tccP and tccP2 genes have also been found in different serotypes of non-O157 EHEC , as well as tEPEC and aEPEC strains Ooka et al. 2007) .
EPEC comprises distinct evolutionary lineages, which can differ regarding their phylogenetic background and virulence repertoire (Lacher et al. 2007; Hazen et al. 2013 Hazen et al. , 2016 Ingle et al. 2016) . Interestingly, tccP and tccP2 genes have been detected in tEPEC lineages 4 and 2, respectively, but not in strains belonging to lineage 1 (Whale et al. 2006 . However, it is uncertain whether the occurrence of these genes in aEPEC depends on phylogenetic backgrounds. Thus, the aim of this study was to investigate the presence of tccP/tccP2 and production of their corresponding protein, as well as to assess the impact of phylogeny on the distribution of these genes among pathogenic aEPEC strains.
MATERIALS AND METHODS

Bacterial strains
Seventy-two aEPEC strains isolated from diarrheic patients were examined in this study. Serotypes (O:H), intimin types and virulence properties of these strains have been previously determined (Bueris et al. 2007; Abe et al. 2009 ).
Screening for tccP and tccP2 genes
Bacterial strains were screened for the presence of tccP and tccP2 genes by polymerase chain reaction (PCR) using tccP-F1/tccP-R1 ) and tccP2-F/tccP-R oligonucleotides, respectively. PCR conditions were the same as described previously Ogura et al. 2007) . Amplified fragments were analyzed by agarose gel electrophoresis (1%) as described elsewhere (Mairena et al. 2004 ).
Typing of tir
The tir alleles were further discriminated between tyrosinephosphorylated (Y-P) and non-phosphorylated (S) by PCR, following the protocol described by Ogura et al. (2007) .
Phylogenetic typing
The E. coli phylogroups (A, B1, B2, C, D, E and F) were determined using the method previously described by Clermont et al. (2013) . This methodology is based on a quadruplex PCR detecting chuA, yjaA, TspE4.C2 and arpA.
TccP polyclonal-specific antiserum
The tccP/espFU gene was amplified from aEPEC BA320 strain (serotype O55:H7) genome using EspFuNdeI-F/EspFuBamHI-R (Campellone, Robbins and Leong 2004) oligonucleotides, and cloned into the pET28a(+) expression vector. The TccP BA320 -His recombinant protein was produced in E. coli BL21(DE3) strain at 37
• C after induction with 1 mM isopropil-β-D-tiogalactosidase (IPTG) for 4 h, and further purified by nickel-affinity chromatography. Female New Zealand rabbits were immunized with 100 μg of purified TccP BA320 -His adsorbed to 2.5 mg of aluminum hydroxide as adjuvant, followed by two booster doses which were administrated every 15 days. The serum obtained was cross-reactive with TccP of the prototype EHEC O157:H7 strain EDL933, and was used for detection of both TccP and TccP2, since the PRRs of these proteins share a high similarity in their sequences. Sera production was carried out in accordance with the recommendations of Ethical Principles in Animal Research, adopted by the Brazilian College of Animal Experimentation. The protocol was approved by the Ethical Committee for Animal Research of Butantan Institute (1393/15).
Detection of TccP and TccP2 production by indirect enzyme-linked immunosorbent assay
Bacterial strains were grown in Luria-Bertani (LB) broth at 37
• C overnight with constant shaking (200 rpm). In the following day, bacterial cultures were inoculated (1:100) in 3 mL of Dulbecco's modified Eagle's medium (DMEM) and grown in the same conditions. The supernatants of the cultures were obtained after centrifugation at 15 700 × g for 10 min, and used for coating Maxisorp microplates (Nunc, USA). After coating (4 • C for 18 h), the wells were blocked with 5% nonfat milk in phosphate-buffered saline (PBS), and incubated with anti-TccP rabbit serum (1:100) followed by peroxidaseconjugated goat anti-rabbit IgG antibody (1:5000) incubation. The assay was developed with o-phenylediamine (OPD) and H 2 O 2 , and the absorbance was measured at 492 nm in a Multiskan EX ELISA reader (Labsystems, USA). All samples were tested in triplicates and at least two independent experiments were performed.
Statistical analysis
Statistical analyses were performed by Fisher's exact test or one-way ANOVA using BioEstat 5.3 and GraphPad Prism 6 programs, and a P value of <0.05 was considered significant. 
Nucleotide sequences accession numbers and comparison of TccP/TccP2 proteins
All the tccP and tccP2 sequences determined were submitted to the NCBI database under the following accession numbers: KY070367 (tccP/O55:H7 strain BA320), KY951967 (tccP/O55:H7 strain BA467), KY951968 (tccP/O55:H7 strain BA1244), KY951973 (tccP/O55:H7 strain BA4147), KY951970 (tccP/ONT:H19 strain BA3800), KY951972 (tccP/ONT:H19 strain BA3836), KY951966 (tccP2/ONT:H19 strain BA365), KY951969 (tccP2/ONT:H19 strain BA3800) and KY951971 (tccP2/ONT:H19 strain BA3836). Multiple sequence alignment was performed using Clustal Omega (Sievers et al. 2011) in order to compare the TccP and TccP2 proteins from O55:H7 and ONT:H19 aEPEC strains.
RESULTS
Overall, 33 (45.8%) out of 72 aEPEC strains examined were positive for tccP and/or tccP2 genes. Of these, 11 and 18 harbored only tccP or tccP2, respectively, whereas other 4 strains presented both alleles (Table 1 ). The PCR products ranged from 750 to 1800 bp, and the sequencing of representative different amplicon sizes revealed that the predicted proteins have between two and nine PRRs. Interestingly, all strains harboring both alleles contained a 750 bp-tccP gene.
The aEPEC strains harboring tccP and/or tccP2 belonged to 23 different serotypes (Table 1) , of which O55:H7 and ONT:H19 were significantly associated with the presence of these genes (P = 0.0398). Amino acid alignment revealed that TccP is highly conserved in O55:H7 aEPEC, but slightly different from the sequences of ONT:H19 strains (Fig. 1) . Additionally, we observed a high level of similarity among TccP2 sequences from ONT:H19 strains.
Strains harboring tccP and/or tccP2 showed nine different intimin types, and a significant association between the occurrence of these genes and epsilon-intimin was observed (P = 0.0296). In regard to tir, the vast majority of the tccP/tccP2-positive aEPEC strains presented the tyrosinephosphorylated (Y-P) type, of which 8 harbored tccP, 17 tccP2 and 3 carried both tccP and tccP2 alleles. Among the few strains showing non-phosphorylated (S) tir, three harbored tccP, one tccP2 and both alleles were detected in one. Based on tccP and tir genotypes, the 33 aEPEC strains could be divided into tccP2/tirY-P (17 strains), tccP/tirY-P (8 strains), tccP/tirS (3 strains), tccP/tccP2/tirY-P (3 strains), tccP2/tirS (1 strain) and tccP/tccP2/tirS (1 strain). Multiple sequence alignment of TccP and TccP2 proteins from O55:H7 and ONT:H19 aEPEC strains. The partial sequences of tccP and tccP2 genes were determined in this study. The predicted amino acid sequences were then aligned and compared to other TccP and TccP2 sequences from GenBank database: O55:H7 strain TB182A (accession number: BAG11995), O55:H7 strain DEC5d (accession number: BAG11996), O55:H7 strain WC211 (accession number: BAG11997), O55:H7 strain st957 (accession number: BAG11998), O55:H7 strain CB9615 (accession number: ADD56988), ONT:H19 strain 0471-1 (accession number: BAF52361) and ONT:H19 strain 3632-1 (accession number: BAF52365). The N-terminal domain (partial) and two proline-rich repeats (PRRs) are highlighted in gray and black, respectively. The aEPEC strains carrying tccP and/or tccP2 were allocated in four distinct phylogroups according to the classification scheme proposed by Clermont et al. (2013) (Table 2 ). Specifically, tccPpositive strains belonged to phylogroups E (five strains), B1 (three strains), A (two strains) and B2 (1 strain), whereas those ones harboring only tccP2 were distributed in B1 (13 strains) and A (3 strains), besides two strains which could not be allocated to any phylogroup according this method. Three strains harboring both tccP and tccP2 alleles belonged to phylogroups A, B1 and B2, and one could not be classified. Strains harboring only tccP or tccP2 alleles were significantly associated to phylogroups E (P = 0.0019) and B1 (P = 0.0113), respectively. These results indicate a phylogenetic distribution of tccP and tccP2 alleles in our aEPEC collection.
In order to assess the TccP/TccP2 production, aEPEC strains were tested by enzyme-linked immunosorbent assay (ELISA) using the anti-TccP antiserum obtained after immunization of rabbits with TccP BA320 -His recombinant protein, which was produced using a representative O55:H7 aEPEC strain (BA320). Testing different bacterial growth conditions revealed that production of TccP was higher in DMEM compared to LB or EC broth (data not shown). Thus, analyzing the TccP/TccP2 production on DMEM culture supernatants, we observed strain-tostrain variation regarding the expression and secretion of both proteins (Fig. 1) . Specifically, high levels of TccP and TccP2 were detected in some culture supernatants, whereas these proteins were inefficiently produced by other strains. However, this variation was not dependent on genotype, since strains harboring tccP and/or tccP2 showed the same profile of expression and secretion. Almost no reactivity was detected with culture supernatants from tccP/tccP2-negative strains ( Fig. 2A) , demonstrating the antiserum specificity. Additionally, we did not observe any correlation between protein production and length of the tccP/tccP2 genes or phylogeny ( Fig. 2B and C) . Taken together, these results indicate diversity on production and secretion of TccP and TccP2 by different aEPEC strains.
DISCUSSION
The tccP/tccP2 genes are associated with high-pathogenic EHEC groups, including O157 and non-O157 strains (de Boer et al. 2015) , but have been also detected in other AEEC categories such as tEPEC and aEPEC. In this study, a collection of aEPEC was assessed by those genes presence showing that 45.8% of the strains were positive for at least one of these genes, with a predominance of tccP2 allele compared to tccP. Similar findings have been reported in AEEC strains from different geographic areas (Kozub-Witkovski et al. 2008; Madic et al. 2011) . Interestingly, a considerable number (33%) of our strains belonged to O26, O55 and O111 serogroups, which have been frequently reported among tccP/tccP2-harboring AEEC strains Ogura et al. 2007; Ooka et al. 2007; Kozub-Witkovski et al. 2008; Madic et al. 2011) . Previous studies have demonstrated that tccP and tccP2 exhibit size polymorphisms among aEPEC strains, ranging from 600 to 1800 bp Ooka et al. 2007; KozubWitkovski et al. 2008) . Accordingly, we observed variability in the length of tccP and tccP2, regardless of serotype. Most of the previously reported gene sizes were detected among our aEPEC strains, except for the 600 bp.
Most of aEPEC carrying tccP and/or tccP2 also harbored TirY-P, suggesting that these strains could display either Tir tyrosine phosphorylation or TccP/TccP2 pathways to induce actin polymerization. Whether the use of redundant mechanisms of actin polymerization could confer some competitive advantage to these strains during the infection process is an intriguing question that is currently under investigation by our group.
Despite the genetic diversity of aEPEC strains, certain lineages can share a common virulence factor repertoire that includes non-LEE effectors (Hazen et al. 2013; Ingle et al. 2016) . According to this, we observed a phylogenetic distribution of tccP and tccP2 alleles, which were significantly associated to phylogroups E and B1, respectively. Our findings indicate that these strains possibly present a genetic background that allows the acquisition and maintenance of the tccP/tccP2-containing prophages, as also described for other virulence factors (Bando et al. 2009 ), yet further phylogenomics analyses are needed to elucidate that.
In this study, we were also interested in evaluating the production of TccP and TccP2 by different aEPEC strains, since data about that are scarce in the literature. For this purpose, we first tested different culture media and found that bacterial growth in DMEM was the most favorable condition for expression and secretion of TccP and TccP2, similar to that reported for other secreted proteins of EPEC, such as EspA and EspB (Rocha et al. 2014) . Our findings also corroborated previous data showing that tccP gene is increasingly expressed in DMEM . Following this bacterial growth condition, we found that TccP and TccP2 are differentially produced and secreted by aEPEC strains, similar to that reported for EHEC . It would be of further interest to examine whether the levels of TccP/TccP2 production is correlated to a differential tccP/tccP2 gene regulation, or could even be associated with the pathogenic potential of aEPEC strains.
In summary, tccP and tccP2 genes are widely distributed among pathogenic aEPEC strains, with a predominance of the tccP2 allele. Moreover, tccP seems to be related to strains belonging to phylogroup E, particularly O55:H7, whereas tccP2 is more associated with B1 strains from several serotypes, suggesting a phylogenetic distribution of these genes in aEPEC. Further studies are still needed to better understand the role played by tccP/tccP2 genes in aEPEC strains showing distinct genetic backgrounds.
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